Background
==========

Cigarette smoking induces an abnormal inflammatory response in the airways which is now increasingly acknowledged in the pathogenesis of chronic obstructive pulmonary disease (COPD) \[[@B1]\]. Smoking classically causes neutrophil predominant inflammation in the airways with the increase of neutrophil chemotactic cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-8, and leukotriene (LT)B4 \[[@B2]-[@B4]\].

Leukotrienes are generated from the metabolism of arachidonic acid and have significant effects on bronchoconstriction, mucus hypersecretion and airway inflammation \[[@B4]\]. Montelukast is a cysteinyl leukotriene receptor antagonist (LTRA) and widely used as an anti-inflammatory agent in the treatment of asthma \[[@B5]-[@B7]\]. Recent studies conducted in smoker and non-smoker asthmatics have shown that inhaled beclomethasone increased forced expiratory volume in 1 sec (FEV~1~) levels only in non-smoker asthmatics; on the other hand montelukast increased morning peak flow values only in smoker asthmatics \[[@B8]\]. These data suggested that smoke-induced lung injury might be resistant to inhaled steroids and that LTRA may have possible effects in this setting.

The bronchodilator effects of LTRA in patients with COPD has previously been demonstrated \[[@B9],[@B10]\]. In a recent meta-analysis, Nguyen et al. reviewed 4 placebo-controlled trials investigating the effects of LTRA in the treatment of COPD and concluded that LTRA is associated with significant improvements in FEV~1~levels \[[@B11]\]. The anti-inflammatory effect of montelukast has mostly been investigated in animal models of asthma; therefore data is limited about its effects on smoke-induced inflammation \[[@B12],[@B13]\]. However possible protective effects on smoke-induced lung injury have been previously reported \[[@B14]\].

In this study, our aim was to investigate the possible anti-inflammatory effects of montelukast in rats with smoke-induced chronic bronchitis. Serum TNF-α level was used as a marker of inflammation and a histopathological evaluation of the lung was performed with both light and electron microscopy.

Methods
=======

Animals
-------

Male Wistar-Albino rats, weighing 250-300 g, were used in this study (n = 28). The rats were kept under standard conditions (stainless-steel cages, 18-21°C, 55-60% relative humidity, and 12 hours light/dark cycles). Standard chow in tablet form and water were available ad libitum. All animals were free from infections.

Rats were exposed to passive cigarette smoke for 20 weeks in order to develop COPD \[[@B15]\] and were decapitated 24 hours after the last injection of the agents; 4 ml of blood was taken intra-cordially for the measurement of serum TNF-α levels. Rat lung tissues were dissected after intra cardiac perfusion. The present study was performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals; all procedures were approved by the ethics committee of Kocaeli University.

Smoke exposure machine
----------------------

A special smoke exposure machine based on Chen\'s definition and Walton\'s modification was prepared in the Experimental Medicine Research Laboratory of Kocaeli University \[[@B16]\]. Briefly, the machine consisted of three separate chambers connected to each other. The first chamber was a generation chamber where smoke was generated, the second was a residence chamber where smoke was diluted and the third was an exposure chamber where rats were exposed to smoke. Fans between the chambers were used to conduct smoke from one chamber to another, operating at a speed of 5.2 L/min. Standardized nicotine and cigarette tar were used for exposure 2 hours per day for 20 weeks.

Study population
----------------

The rats were divided into four groups; smoke exposure and injections were performed in three of the groups while the group of rats without smoke exposure constituted the healthy controls. All injections were performed each day at 09:00 am after development of COPD and continued for 21 days. The study groups and doses of injections were as follows:

1\. MON group: 7 rats received 0.1 mg/kg montelukast (Sigma-Aldrich, Italy) dissolved in ml Na~2~CO~3~(sodium bicarbonate) intraperitoneally.

2\. MON control: 7 rats received 1 ml Na~2~CO~3~(Sigma-Aldrich, Italy) intraperitoneally (control group for montelukast).

3\. COPD control: 7 rats received 1 ml physiological serum intraperitoneally.

4\. Healthy control: the 7 rats in this group were not exposed to smoke; however they were kept in the same machine for 2 hours daily with clean air in order to provide exposure to similar stress.

Histopathological evaluation
----------------------------

### Light microscopy

After the perfusion of 2.5% glutaraldehyde, lung tissue specimens were dehydrated in a graded series of ethanol (70%, 80%, 90% and 100%), cleared in toluene and embedded in paraffin. Section paraffin blocks at 5 μm thickness were stained with hematoxylin and eosin (H&E) and evaluated with an Olympus BH2 photomicroscope (Tokyo, Japan).

Light microscopic results were scored for four histopathological categories; 1) dilatation of respiratory tract, 2) infiltration of inflammatory cells, 3) proliferation of respiratory epithelium, and 4) vascular congestion. The first three categories were scored from 0 to 3, 0 indicating no pathology and 3 the most severe damage, using a semi-quantitative scale; the last category was scored from 0 to 1 with respect to absence or presence of vascular congestion. The total histopathological score of the lung was calculated as the sum of the scores given for each criterion \[[@B17]\].

### Electron microscopic evaluation

After the perfusion of 2.5% glutaraldehyde, lung tissue specimens were post-fixated with 1% osmium tetroxide (0.1 M, pH 7.2), dehydrated in a graded series of ethanol (70%, 80%, 90% and 100%), cleared in toluene and embedded in Epon812 for 24 h at 60°C. Semi-thin sections of 1 μm were cut, stained with toluidine blue and viewed with the light microscope for proper orientation. Tissues were then thin sectioned (60 nm), stained with uranyl acetate and lead citrate and evaluated in a JEOL 1200 SX transmission electron microscope \[[@B18]\].

Serum TNF-α measurement
-----------------------

Blood samples were taken intra-cordially in dry tubes. After centrifugation, serum was aspirated and TNF-α was measured with the ELISA method (Biosource Rat TNF-α kit, CA, USA). TNF-α measurement level was 0-1000 pg/ml.

Statistical analysis
--------------------

All data were analyzed using the SPSS program version 13.0. The results were expressed as mean ± standard error (SE). Kruskall-Wallis test was used for statistical comparison of the groups and a p \< 0.05 was considered as statistically significant.

Results
=======

We found dilatation in alveolar duct and respiratory bronchioles, proliferation of alveolar epithelial cells, inflammatory cell infiltration and vascular congestion in the MON control and COPD control groups. The number of type 2 pneumocyte cells and surfactant levels was increased in electron microscope specimens of both groups (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). In the MON group, on the other hand, dilatation of alveolar duct was seen less prominently, and there was a decrease in the inflammatory cell infiltration, respiratory epithelial cell proliferation and vascular congestion (Figure [3](#F3){ref-type="fig"}).

![**Light microscopic findings of lung tissue from montelukast (mon) control group**. Evidence can be seen of **(1a)**alveolar duct dilatation (\*), respiratory epithelial proliferation (→), and **(1b)**increased inflammatory cell infiltration (►) (H&E, 1a:X100; 1b:X200).](2049-6958-5-2-92-1){#F1}

![**Light and electron microscopic findings of copd control group**. **2a:**showing inflammatory cell infiltration (►) and airway wall edema (o) (H&E, X100). **2b:**showing increase in surfactant deposition (→) and increase in the number of macrophages (►) (X6000).](2049-6958-5-2-92-2){#F2}

![**Light microscopic evaluation of lung tissue from montelukast group (mon)**. **3a:**showing alveolar duct dilatation (\*) and decrease in respiratory epithelial proliferation (→). **3b:**showing decrease in inflammatory cell infiltration (►) and arterial wall edema (o) (H&E, 1acX100; 1d:X400).](2049-6958-5-2-92-3){#F3}

Electron microscopic findings were found to be less improved with montelukast therapy where surfactant deposition and an increase in the number of macrophages were observed (Figure [4](#F4){ref-type="fig"}).

![**Electron photomicrograph of lung tissue from montelukast group (mon)**. **4a**showing: increase in surfactant deposition in the type 2 pneumocyte (→). **4b:**showing increase in the number of macrophages (►) (X6000).](2049-6958-5-2-92-4){#F4}

The total histopathological score was significantly lower in the healthy control group (2.3 ± 0.2) compared to COPD control and MON control groups (p \< 0.001). However, there was also a significant difference between the montelukast group (MON) and both COPD controls and MON controls (5.1 ± 0.6 in MON vs. 8.4 ± 0.6 in MON controls and 8.7 ± 0.4 in COPD controls, p \< 0.05). There was no significant difference between the healthy control group and the MON group (Figure [5](#F5){ref-type="fig"}).

![**Histopathological score of the lung tissue specimen**. \* p \< 0.05; MON group vs. MON control and COPD control groups. \*\* p \< 0.001; healthy controls vs. MON control and COPD control groups.](2049-6958-5-2-92-5){#F5}

###### 

Histopathological score for single parameters and total score.

                                                                   Groups                    
  ----------------------------------------- ------ --------------- ------------- ----------- -----------
  Dilatation of respiratory tract           0-3    0.7 ± 0.2       1.7 ± 0.2     2.3 ± 0.3   2.3 ± 0.3
                                                                                             
  Infiltration of inflammatory cells        0-3    0.6 ± 0.2       1.3 ± 0.2     2.9 ± 0.1   2.9 ± 0.1
                                                                                             
  Proliferation of respiratory epithelium   0-3    0.9 ± 0.1       1.4 ± 0.2     2.6 ± 0.2   2.7 ± 0.2
                                                                                             
  Vascular congestion                       0-1    0.1 ± 0.1       0.7 ± 0.2     0.7 ± 0.2   0.9 ± 0.1
                                                                                             
  Total histopathological score             0-10   2.3 ± 0.2\*\*   5.1 ± 0.6\*   8.4 ± 0.6   8.7 ± 0.4

\* p \< 0.05; MON group vs. MON control and COPD control groups.

\*\* p \< 0.001; healthy control vs. MON control and COPD control groups.

All four categories included in the total histopathological score were also evaluated separately (Table [1](#T1){ref-type="table"}). We found the inflammatory cell infiltration, respiratory epithelial proliferation and respiratory tract dilatation to be decreased in the smoke-exposed rat lungs of the montelukast group compared to the MON control and COPD control groups. Vascular congestion was found to be less affected by the montelukast treatment.

Smoke exposure caused a significant elevation of serum TNF-α levels in COPD controls and MON controls. However montelukast decreased this elevation to a level comparable with the healthy controls; no significant difference was found between the montelukast group and healthy controls (38.84 ± 4.9 pg/ml vs. 29.5 ± 3.6 pg/ml respectively, p \> 0.05) (Figure [6](#F6){ref-type="fig"}).

![**Serum tnf-α levels of study groups**. \*p \< 0.01; healthy control vs. MON control and COPD control groups. \*\* p \< 0.05; MON group vs. MON control and COPD control groups.](2049-6958-5-2-92-6){#F6}

Discussion
==========

This study demonstrated that montelukast has protective effects on both inflammatory and histopathological aspects of smoke-induced lung injury. The effects of smoke exposure in the lung parenchyma was evaluated with light and electron microscopes and montelukast was found to decrease the inflammatory cell infiltration, respiratory cell proliferation, and alveoli-bronchiolar dilatation in smoke-exposed rat lungs. The effects on surfactant deposition and macrophage recruitment in the alveolar space were less prominent; however serum TNF-α levels were shown to be suppressed significantly with montelukast treatment.

Smoke-induced increase in leukotriene levels and associated changes in the airways such as recruitment of inflammatory cells, vascular congestion, mucus hypersecretion and bronchoconstriction have been shown previously \[[@B1],[@B19],[@B20]\]. In addition, our study displayed significant alveolar dilatation, inflammatory cell infiltration, vascular congestion and surfactant deposition in the smoke exposed rat lung and indicated some beneficial effects of montelukast on such alterations.

Yüksel et al. investigated the effects of montelukast on smoke-induced lung injury in rats \[[@B14]\]. They performed morphometric examinations of lung tissues and counted mast cell numbers in lung parenchyma besides histopathological evaluation. Using a digital computerized system adapted to a light microscope, they measured linear intercept of alveolar septa as an indicator of airspace dilatation and volume density of alveolar septa and the density of alveolar surface area as indicators of tissue loss. Smoke exposure was found to be associated with alveolar dilatation and tissue loss though significant improvements were noted in the montelukast treated rats. The authors also reported that histopathological alterations such as airspace enlargements, alveolar distortion and visceral pleural thickening were more severe in the smoke-exposed controls than in the montelukast treated group \[[@B14]\]. In our study, a histopathological scoring system was used to evaluate lung parenchyma and, although the methods are not quite the same as those in the study of Yüksel et al., we also demonstrated several protective effects of montelukast on smoke-induced lung injury. In addition, we found a significant decrease in the serum levels of TNF-α in the montelukast treated rats.

TNF-α which is known as a neutrophil chemotactic cytokine has been found to be elevated in human smokers and it is thought to have an important role in the pathogenesis of COPD since animal models of smoke exposure showed a strong correlation between serum TNF-α levels and airspace dilatation \[[@B21]\].

Montelukast has been shown to inhibit several proinflammatory cytokins in animal models of asthma \[[@B12],[@B13]\]. Maeba et al. reported an inhibitory effect of montelukast on the lipopolysaccharide induced production of IL-1β, IL-6, TNF-α and MCP-1 from peripheral blood mononuclear cells, while Can et al. showed a decrease in serum TNF-α levels in pediatric asthmatics with montelukast treatment \[[@B22],[@B23]\]. Our study demonstrated the inhibitory effect of montelukast on smoke-induced elevation of serum TNF-α in rats. This finding suggests that, besides its anti-inflammatory effects in asthma, montelukast might also suppress smoke induced inflammation.

Recent studies have reported that smoking may affect the response to anti-inflammatory therapy since smoker asthmatics get less benefit from treatment with inhaled corticosteroid, and have recommended leukotriene antagonists as an alternative anti-inflammatory agent in the treatment of smoker asthmatics \[[@B8]\].

On the other hand, COPD has a distinct association with smoking and is thought to have different inflammatory characteristics from asthmatics. The bronchodilator effects of leukotriene modifiers have been investigated in clinical studies of COPD and improvements in FEV~1~levels were reported \[[@B9]-[@B11]\]. Montelukast was also shown to be associated with symptom relief, improvements in the quality of life scores, decrease in the use of inhaled cortico steroids and bronchodilators, and a reduction in exacerbations and hospitalization rates \[[@B9],[@B24]\].

However data are limited about the anti-inflammatory effects of montelukast in smoke-induced inflammation. Celik et al. studied the effects of montelukast on pulmonary function tests and quality of life scores in COPD patients; in this controlled study sputum samples were also obtained for the evaluation of inflammation, which it was possible to examine in 24 patients. Compared to the control group, a significant decrease in neutrophilic inflammation was observed in the montelukast treated group \[[@B9]\]. Although we did not count an exact number of inflammatory cells, our study also demonstrated a significant decrease in inflammatory cell infiltration in the lung parenchyma and a reduction in serum TNF-α, which is thought to be an indicator of neutrophilic inflammation.

There are some limitations of our study as a model of airway inflammation; one may be the lack of inflammatory marker levels in bronchial secretions and the other may be the lack of differential inflammatory cell counts. Nevertheless, we thought that serum levels of TNF-α is an important marker for inflammation in COPD and demonstrating its reduction with montelukast therapy is quite an interesting finding.

In conclusion, treatment with montelukast in smoke-exposed rats is shown to be associated with the suppression of serum TNF-α levels as well as with improvements in histopathological alterations incurred by smoke exposure. Further studies are needed to investigate the use of montelukast as an anti-inflammatory agent in smoke-induced lung diseases.
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